The availability of a range of excited states has endowed low dimensional quantum nanostructures with interesting luminescence properties. However, the origin of photoluminescence emission is still not fully understood, which has limited its practical application. Here we judiciously manipulate the delicate surface ligand interactions at the nanoscale interface of a single metal nanocluster, the superlattice, and mesoporous materials. The resulting interplay of various noncovalent interactions leads to a precise modulation of emission colors and quantum yield. A new p-band state, resulting from the strong overlapping of p orbitals of the heteroatoms (O, N, and S) bearing on the targeting ligands though space interactions, is identified as a dark state to activate the triplet state of the surface aggregated chromophores. The UV-Visible spectra calculated by time-dependent density functional theory (TD-DFT) are in quantitative agreement with the experimental adsorption spectra. The energy level of the p-band center is very sensitive to the local proximity ligand chromophores at heterogeneous interfaces.
T he availability of a range of excited states has enriched lowdimensional quantum nanostructures with interesting luminescence properties, including noble metal nanoclusters (NCs), semiconductor quantum nanostructures (black phosphorus nanosheet and transition metal dichalcogenides as typical examples), and carbon (or graphene) quantum dots [1] [2] [3] [4] . Among all of these, metal NCs with a precise number of metal atoms and ligands possess an exciting interface, which has the potential to elucidate fundamental electron exchange and energy transfer pathways driving nanoscale phenomena [5] [6] [7] . Even though the nanocluster-centered free-electron model based on quantum confinement mechanism have been studied for over a decade, the elucidation on the origin of the optoelectronic properties of metal NCs is diverse and contradictory, at every point inviting inquiry and debate 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] . Previously, we provided key evidence for the first time that the self-assembling of surface protecting ligands on the metal core played a paramount role to tune the optoelectronic properties of noble metal NCs 12, 13, 17 . Recently, the ubiquitious role of ligand assembly, domain-mediated and with incredible diversity and specificity in biological processes was also observed, including growth control, signal transduction, cell adhesion, hemostasis, and lipid metabolism [18] [19] [20] [21] [22] . However, the basic chemical principle hidden behind the abnormal optical and biochemical phenomena remains highly elusive 5, [9] [10] [11] [12] [13] [14] .
Here we use the most extensively studied aqueous glutathione (GSH)-coated Au NCs as a model system. By manipulating the delicate surface ligand interactions on the individual metal nanocluster, the self-assembled metal NCs in superlattice, and the confined silica nanopores, we successfully achieve the precise control of emission colors and the systematic tuning of PL quantum yields and lifetimes. Thereby, we carefully control the solvophobicity and solvophilcity of the ligands. Our results isolate the role of the local patterning or spatial arrangement of surface ligands in the PL emissions of metal NCs. On the basis of the combined characterizations of the steady-state absorption, excitation, and time-resolved PL spectroscopy, we identify that the interfacial p-band intermediate state (PBIS) stems from the overlapping of p orbitals of the paired or more adjacent heteroatoms (O and S) bearing on the protected ligands on the metal core. Through-space conjugation within the ligand assembly domain provides effective emission luminogens. This can be considered as a dark state to activate the triplet state of the surface aggregated chromophores by enhancing intersystem crossing.
Results

Solvent-induced ligand-dependent emission of individual Au
NCs. Water-soluble Au NCs were successfully prepared using glutathione (GSH) with double organic functions of carbonyl and thiol as the capping-ligand 5 . Using the longer chain 1dodecanethiol (DT) with a single thiol group as a ligandexchange agent, the oil-soluble Au NCs with identical size were prepared by a simple surface ligand exchange reaction (Supplementary Fig. 1 ). The water-soluble and oil-soluble switchable Au NCs were denoted as Au NCs@GSH and Au NCs@DT, respectively. The infrared adsorption spectrum (IR) and thermal gravimetric (TG) analyses showed strong evidences that the primitive GSH ligands could be completely replaced by 1dodecanethiol molecules ( Supplementary Figs. 2 and 3 ), and the kinetics of the ligand exchange reaction followed a first-order reaction with a reaction rate constant of 5.78 min −1 in a mixture solution of ethanol and water ( Supplementary Fig. 4 ). It is worthy to note that the ligand exchange reaction did not occur in pure ethanol solution, indicating the presence of a stable ligand assembly on the metal core ( Supplementary Fig. 5 ). MALDI-TOF mass spectrum shows that the composition of as-synthesized Au NCs@GSH is the same as reported by Tsukuda and colleagues 23 and Xie and colleagues 5 (Au 9−12 SG 10−12 ). After ligand exchange, four peaks are observed at~2.6, 3.0, 3.4, 3.9 kDa which are a good match for the Au 7−10 DT 6-9 species. These results indicate that the Au core was maintained during the ligand exchange process, as shown in Supplementary Figs. 6 and 7.
The ligand exchanged Au NCs exhibit a strong solvophobicityand solvophilicity-dependent photoluminescence emission features in Fig. 1 . The water-soluble Au NCs@GSH was not luminescent in pure water ( Fig. 1a and top row of inset in Fig. 1b ). In contrast, hydrophobic-DT-exchanged Au NCs showed a strong red emission at 620 nm in water solution (Fig. 1c and bottom row of inset in Fig. 1b ). When water-soluble Au NCs@GSH were dispersed into the mixed solution of water and ethanol, with the increase of the volume fraction of ethanol in the solvent (R EtOH = Vol EtOH / Vol EtOH + H2O ), a broad-peak emission at~560 nm with an FWHM around 200 nm was observed, and the emission was intensified and blue-shifted, especially at a critical ethanol concentration of R EtOH ≥ 75% ( Fig. 1a) , consistent with the results reported by Xie and his coworkers 5 . Using Lorentzian functions, this broad emission peak can be decomposed into two peaks located at 550 and 620 nm ( Supplementary  Fig. 8a ), and a close inspection of photoluminescence spectra revealed that the strength of emission growth at 550 nm was far greater than that of 620 nm ( Supplementary Fig. 8b ), indicating the presence of dual-channel decay pathways. The observations of two distinguished lifetimes in several and a dozen microseconds by the dynamic fitting of time-resolved PL spectroscopy, for oilsoluble Au NCs@DT and water-soluble Au NCs@GSH, respectively ( Fig. 1d and Supplementary Table 1 ), further support the dual-channel radiation decay. Even the DT-exchanged Au NCs exhibited a similar solvent-induced emission (SIE) enhancing effect, only a single emission peak at 620 nm being observed free of 550 nm PL emission ( Fig. 1c) , demonstrating a single-channel PL radiation decay.
The absorption and excitation spectra of two types of Au NCs both before and after ligand exchange bore a strong resemblance in the UV region within 260− 400 nm, except for a wavelength shift Supplementary Fig. 9 ). Three distinct absorption bands at ca. 300, 340, and 380 nm are observed for both water-soluble and oil-soluble Au NCs, consistent with our previously reported results 13 . With the increase of R EtOH and R H2O , the adsorption intensity of both samples was intensified ( Fig. 1b ), which was not elucidated by metal-centered quantum confinement mechanism since the intensity and the position of the adsorption bands only comes from the size effect of metal NCs, instead of a solvent effect. What attracts our particular interest is the emergence of paired excitation bands for both samples based on the measurement of excitation spectroscopy (Fig. 1a, c) : Au NCs@GSH showed a broad excitation band of 330 nm with a shoulder peak at 375 nm ( Fig. 1a , dotted lines), while the Au NCs@DT exhibited a blue-shifted and paired excitation at 280 nm with a shoulder peak at 325 nm ( Fig. 1c , dotted line). Obviously, this solvent-induced PL enhancement cannot be only elucidated by free-electron confinement model 23 .
The universal exhibition of paired excitation bands for each sample probably indicates that the one band with low energy is used as a dark or intermediate state to tune the emission of the triplet state with long lifetimes and high quantum yield. These observed optical transitions were previously assigned to the intraband and interband transitions of metal nanoclusters based on the size-dependent quantum confinement effect 23 . In contrast, our results demonstrated that the position and intensity of these optical absorptions and emissions are only dependent on the nature of the protecting ligands and the polarity of the solvents used, since the size of metal NCs before and after ligand exchange ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-019-0233-1 is not changed. The contribution of the quantum state of metal clusters on the PL emission was overemphasized in the metalcentered quantum confinement model, while the critical role of surface ligand packing and assembly was seriously neglected.
The designed ligand adsorption experiment using organic molecules with targeted carbonyl and thiol functional groups, such as trisodium citrate (TSC) and 1-dodecanethiol, absolutely confirmed the paramount role of ligand assembly for tuning the photoluminescence emission of metal NCs. Noting that the kernel-composition of Au NCs was sustained after introducing carboxylate and thiolate, as verified by MALDI-TOF mass spectra (Supplementary Figs. 6 and 10). In Fig. 2a , with increasing amounts of TSC, the total PL intensity of Au NCs@GSH exponentially increases, and the increase of luminescence intensity mainly comes from the emission at~550 nm due to the net increase of carbonyl groups ( Supplementary Fig. 11 ), confirming our previously proposed interfacial clustering model 13 . The adsorption of more exotic carbonyl groups also induces closer packing of thiol groups bearing on GSH on the metal core, simultaneously resulting in a medium intensity increase of emission at~620 nm, even though the total number of thiol groups on the surface of Au nanocluster is constant. Very interestingly, we also found that the increment of PL enhancement was also strongly dependent on the initial solvent volume fraction of water to ethanol. At low R EtOH values, the carboxyl ligands are loosely assembled on the metal core due to the competing adsorptions of carboxylate groups, with surface coordinated unsaturated metal atoms on the metal core, and water molecules by strong hydrogen bonding interactions in solution, which provide more available space for adsorption of the exotic TSC molecules. At high R EtOH values, the close packing of carbonyl groups on the Au core has already formed by minimizing the hydrogen bonding between water and carboxyl functional groups to an extreme, preventing the adsorption of more TSC molecules ( Fig. 2b and inset) . Thus, with the increase of R EtOH , the relative PL enhancement effect was not obvious. A similar PL enhancement effect following the same packing mode was also observed when 1-dodecanethiol was used as the dosing molecule ( Fig. 2c ). Thus, the dual emissions at 550 and 620 nm of individual Au NCs were unambiguously assigned to the carbonyl and thiol groups of the capping-ligands, respectively, and their adsorption and emission intensities strongly depend on the selfassembly of surface protecting ligands. However, here we cannot completely exclude generally accepted metal-centered surface ligand hybrid-electronic-state mechanism, such as LMMCT and LMCT models 9, 11 .
Ligand-directed assembly of preformed Cu NCs into highly anisotropic superlattices and related optoelectronic properties. To further emphasize the central role of ligand assembly on PL emission, the metal superlattice was designed to prove this key point. The metal superlattice (SL) usually refers to an ordered lower-dimensional structure, such as an array of quantum dots, dominated by weak interactions between amphiphilic molecules. As a control experiment, the Cu SL was fabricated by a selfassembling strategy using individual Cu nanoclusters as building units 24 . The main driving force for the formation of the Cu SL with a periodic structure is the strong hydrophobic interaction between the protecting DT molecules with a longer hydrocarbon chain. The delicate change of reaction conditions leads to the formation of highly anisotropic SL with varied morphologies, such as nanosheets in hexagonal packing and nanoribbons in lamellar phase, which were checked by transmission electron microscopy (TEM) and X-ray diffraction (XRD) ( Fig. 3 and Supplementary Fig. 13 ). TEM images revealed that both the sheet-and ribbon-shaped SLs were composed of individual Cu NCs with identical sizes of ca. 2.0 nm (Fig. 3a, b and Supplementary Fig. 12 ).
The varied morphology of the SL is reminiscent of a selfassembling pattern of individual metal NCs, reflecting the interaction strength and the packing mode of the surface ligand DT in the SL, since the similarly sized Cu NCs were used as building units ( Supplementary Fig. 14a ). Obviously, according to the well-recognized metal-centered surface ligand hybridelectronic-state model, the combination of the same hybrid states between the ligand and the metal should produce exactly the same luminous behavior, i.e., independent on the morphology of Cu SLs. The real case is exactly the opposite, and it shows a strong morphology-dependent PL emission: the nanoribbons exhibit a blue emission at 490 nm ( Fig. 3e , blue line, and inset therein), while the nanosheet shows a red-shift green-yellow emission at ca. 550 nm (Fig. 3e , green line, and inset therein). These observations cannot be elucidated by classical free-electron model based on quantum confinement mechanism. By a close inspection, the only difference in the Cu SLs with varied morphology is the distance between two hydrophobic interacting DT molecules, as illustrated in Supplementary Fig. 14a : In the highly ordered structure (i.e., nanoribbon), due to the strong intercalation between DT molecules in the layers, the d-spacing between two DT molecules is larger than that in nanosheets, i.e., the overlapping or the interactions between paired or neighboring DT molecules are weak in the nanoribbons, which answers the blue-shift emission of the nanoribbons due to the declined electron delocalization between adjacent DT molecules.
Note that, when the well-ordered Cu SLs were ultrasonically disassembled into individual Cu NCs in ethanol, the strong luminescent emission was completely quenched (Fig. 3e , black line, and Supplementary Fig. 12c ), consistent with results reported by Yang and coworkers 24 . However, when they were redispersed into water solvent, a distinguished red emission at 620 nm with a long lifetime and high QY (~5%) was recovered ( Fig. 3e , red line and Supplementary Fig. 15 ), even the size, composition, and structure of individual Cu NCs remain intact; this was exactly same with DT-exchanged Au NCs in the above discussion ( Fig. 1c) , indicating that the PL emission of metal NCs is only dependent on the surface ligand self-assembling. In addition, according to the well-accepted metal-centered hybridstate model, if the metal core is involved in the PL emission, different metals (Cu vs. Au) bonded by same surface ligands should have completely different PL emission behaviors. However, here, Cu NCs and Au NCs with the similar NP size surprisingly exhibited the same PL emissions with an identical wavelength of ca. 620 nm. Thus, the current experimental evidence strongly demonstrates that the hybrid orbital states of the metal are probably not involved in the electron excitation 9, 25 i.e., the metal core does not play a decisive role to tune the adsorption and PL emission properties of metal NCs. Similar theory was proposed to understand the PL properties of Au NCs; however, the nature of localized electronic surface states was not well-investigated 16 .
The distinguished changes of the UV−vis absorption and excitation spectra of the NCs during the assembling and disassembling of Cu SLs further confirmed the formation of an interface intermediate state resulting from the self-assembly of surface ligand molecules ( Fig. 3e and Supplementary Fig. 16 ). Compared with Cu SLs, Cu NCs in water showed three strong absorption bands at 300, 330, and 380 nm, while individual Cu NCs in ethanol only exhibited a weak absorption at 330 nm, indicating that the formation of adsorption bands is strongly dependent on the assembly of surface ligands on the metal core 26, 27 . The generation of adsorption bands that depend on the surface ligand assembly was also evidenced by the characterizations of the excitation spectra. Even though both the Cu nanosheet and nanoribbon SL exhibit two excitation bands at 310 and 360 nm, their relative intensity is different, resulting in different PL emission at varied wavelengths (Fig. 3e , blue and green color). When the SL is disassembled to individual Cu NCs in ethanol (good solvent), no excitation bands nor any consequent luminescence are shown, even though the DT molecules remain intact on the surface of the metal core; however, if they are redispersed into water (poor solvent), a paired excitation band at 280 nm with a shoulder at 330 nm is produced and is slightly blue-shifted compared to its SL counterparts (Fig. 3e, red color) . This further proves that the bright photoluminescence of few-atom metal nanoclusters originates from the self-assembling of surface ligands, instead of the metal core. Therefore, we deduced that some new interface intermediate states originating from the surface ligand assembly were formed, which have a dynamic and quantized nature 13, 26 .
Ligand assembly in the confined nanopores of mesoporous silica nanospheres and tunable luminescent properties. To further prove the core role of surface ligands packing for tuning the PL of metal NCs, functional organosilanes with targeted carbonyl and amino groups in 3-(triethoxysilyl)propylsuccinic anhydride and aminopropyl triethoxysilane, respectively, were covalently grafted on mesoporous silica (Fig. 4a, b) [28] [29] [30] . It should be mentioned that the functional group in the targeted organosilane contains electron-rich heteroatoms, such as oxygen (O) and nitrogen (N) with unpaired lone electrons, as with protective templates for the synthesis of metal NCs, such as unconjugated polymers containing carboxylate groups, proteins and amino acid molecules with nitrogen (N), oxygen (O), sulfur (S), phosphorus (P), and others. We observed that, even free of metal NCs, the amino-functionalized mesoporous silica nanoparticles (MSNs) showed a striking blue-light fluorescence emission at ca. 430 nm, and its excitation and emission spectra completely match, implying an AIE luminogen emission mechanism ( Fig. 4c and Supplementary Fig. 17a ).
Due to the variation of functional groups, the succinicfunctionalized MSNs exhibited a remarkable red-color emission at ca. 615 nm with a short lifetime of 0.7 ns ( Fig. 4d and Supplementary Fig. 17b ). It is important to note that both single amino and succinic functional groups are nonluminescent. So far, to our best knowledge, this is the first example that simple organic functional-group-modified MSNs can emit a very strong photoluminescence by the self-assembly of targeted molecules with electron-rich heteroatoms in the confined nanopores. In our previously reported results [28] [29] [30] , we showed that currently used MSNs have unique spherical pores that are ca.3.0 nm in size ( Fig. 4a, b ), which greatly promote the self-assembling of organic functional groups in the confined space 31 . Generally, the excited transition of a single amino and carbonyl group in a range of 300-500 nm cannot be distinguished in the UV adsorption spectrum. It is reasonable that, in the confined nanospace of MSNs, the self-assembling of the amino and carboxylate groups, through space electronic interactions, namely, overlapping of the p orbital of lone pair (n) electrons among amino and carbonyl groups, extends the conjugation; thus, the corresponding intense and multiple adsorption bands in a range of 300-500 nm are observed with subsequent photoluminescent emissions (Fig. 4c, d) .
However, the weak interaction between the organic functional groups with short flexible carbon chains makes it difficult to restrict the molecular vibration and rotation of amino and carbonyl groups in the pores, increasing the occurrences of nonradiative relaxation of the excited states. Therefore, only a moderate-intensity PL emission of organic grafted fluorescent MSNs was observed compared to the strong PL emission of metal NCs where the metal nanocluster core provides a series of highsymmetry, strong adsorption sites for surface capping-ligands through N/O/S/P−metal hybrid bonding, thus suppressing molecular vibration and rotation and enhancing the emission intensity of metal NCs, implying the anchoring role of metal core to the surface ligands. Even though the life times and QY of both systems are significantly different, the PL emission follows the same p-band-controlled model. We first demonstrated that the self-assembly of organic functions in these nanopores produced a stable and bright AIE-type luminogen as an emitter for PL emission (Fig. 4b, insert) .
Ligand-assembly-mediated p-band intermediate state dominates photoluminescence emission.
A common feature involves using protecting ligand molecules for the synthesis of metal NCs containing electron-rich heteroatoms, including oxygen (O), nitrogen (N), sulfur (S), and phosphorus (P), which often promotes the production of triplet excitons through n-π* transition and, hence, facilitates the spin-forbidden transfer of singlet-totriplet excited states through intersystem crossing to populate triplet excitons 32, 33 . A descriptive ligand-assembly-mediated interfacial PBIS model was proposed to understand the origin of the PL emission of metal NCs in Fig. 5 . At the nanoscale interface of the metal nanocluster core or in the confined nanopores, the adjacent ligands locally interact with each other to form Rydberg matter-like clusters by the overlapping of p-orbitals from O, N, S, and P on proximal carbonyl/thiol groups with high-energy lone-pair electrons 34, 35 . The delocalization of the high-energy electrons in coupled p orbitals in ligand-directed molecular architectures produces a new overall lower energy state, the so-called PBIS, which acts as an intermediate (or dark) state to tune PL emissions by intersystem crossing where the energy gap between the singlet excited state and the intermediate p-band state governs the direction and the extent of the electron transfer. This also answers why the excitation bands for each sample are always present in pairs.
To gain insight into the nature of the PBIS of metal clusters, we performed theoretical calculations on their electronic structures and energy levels by using the density functional theory (DFT) and time-dependent density functional theory (TD-DFT) methods at the cam-B3LYP/[aug-cc-pVTZ/6-311 + G(d, p) + SDD] level. Aug-cc-pVTZ was used for S atom and 6-311 + G(d, p) was employed for other nonmetal atoms. SDD was used for Au atom. Solvation effect was modeled by IEFPCM in water solvent. To simplify the calculation, the carbon chain (DT) was replaced by were calculated to check the optimal electron structure for PBIS. As shown in Supplementary Fig. 18 , these three mercapto monomer exhibit distinct molecular absorptions at UV region (<250 nm). The optimized conformations of the deprotonated molecule (C 2 H 5 -S − ) and their molecular orbital surfaces of HOMO and LUMO indicated that p orbitals of S element, i.e., S (p) make a significant contribution to the whole molecular orbital with a new adsorption band at 275 nm, as shown in Supplementary Fig. 18(c & d) and Supplementary Table 2 . Differing from the monomers, their dimeric counterparts exhibit the completely different optoelectronic properties, which are very sensitive to the local proximity ligand chromophores, i.e., the distance of adjacent sulfur groups, in particular for (C 2 H 5 -S − ) 2 dimers (Fig. 6 ). As shown in Fig. 6a , for (C 2 H 5 -S − ) 2 dimers, it shows three sharp adsorption bands centered with wavelength larger than 270 nm, in perfect agreement to the assignments of adsorption bands of metal NCs (Fig. 1b) , Cu superlattice ( Fig. 3e ) and ligand functionalized MSNs (Fig. 4c, d) , and very interesting, with the decreasing of the S-S distance, the absorption peak with minimum energy gradually red shifted from 310 to 550 nm (Fig. 6a) . By analyzing the composition of HOMO and LUMO orbitals, we find that the porbital of two S atoms were highly overlapped in HOMO orbital and the S(p) orbital makes a significant contribution to the whole molecular orbital (89.6%, Fig. 6b, inset) , while the electron in LUMO orbital was dispersive and almost unaffected by the variation of S−S distance, which answers the red shift of absorption bands in Fig. 6a, b , and Supplementary Table 3 . However, if we just consider the LMCT or LMMCT contribution of S-Au, the red shift of only single adsorption band at ca. 250 nm was not obvious (Fig. 6c, d, Supplementary Table 3 ). The presence of adsorption bands at the visible region, also probably answers PL emissions at the near-IR region 36, 37 . When the CH 3 CH 2 -SH is coordinated with Au, the formation of S-Au hybrid orbital could easily observe whatever for monomers or dimers ( Supplementary  Figs. 18g, h, 19g, h, Supplementary Tables 2 and 3) , whose HOMO-LUMO transition has a CT-like character of excitation from S-ligand to gold (in good agreement with an LMCT character). However, the main contribution of HOMO-LUMO transitions for PL comes from the intermidate P band state formed due to the overlapping of p orbitals of S atoms on the surface of metal NC (Fig. 6c, d, and Supplementary Table 3 ). Comparing these two charge density difference maps of C 2 H 5 -S-Au monomer and dimer, we also propose an alternative electron relaxation pathway to elucidate the PL emission origin of metal NCs due to the space interaction of heteroatom orbitals with the help of LMCT mechanism at the heterogeneous nanoscale interface: the first singlet transition was initiated from S-Au LMCT excitation, while the bonding strength of S-Au was weakened due to the p orbital overlapping of paired S atoms, and at ultrafast time scale, the excited electron was moved to the transient p-band intermediate state, and subsequent electron relaxation leads to the bright PL emission of metal NCs. The key point of this mechanism is the interfacial orbital redistribution through space interactions by fast switching between S-Au bond and intermediate p-band formed by orbital overlapping of paired S atoms. We believed that this mechanism provides a reliable physical elucidation for the classical Sabatier principle defining the best catalyst for a given reaction by precisely tuning the surface bonding strength 38 . Even though LMCT mechanism involved the relaxation of excited state, a main contribution for the PL comes from the transient intermediate p-band state due to the overlapping of p orbitals of S atoms on the surface of metal NC. These theory simulation results further verified that the p-orbital of heteroatom (N, O, S, P) could overlap efficiently when two heteroatoms were in a proper distance which could lead to the delocalization of electrons between neighboring heteroatoms accounts for its unique ligand-dependent PL properties. The more detailed study on the kinetic of PBIS states by transient absorption spectrum was under investigation.
The PBIS mechanism is completely different from the wellknown single site surface trap state, where impurities are explained as the source of PL emission of heteroatom-doped semiconductors and carbon (or graphene) QDs 39 . The basic features of electronic structures of surface ligand p-bands are their energy bands resulting from the extended overlaps of atomic orbitals at the nanoscale. The energy level and width of a p-band correlates to the delocalization degrees of its combinational atomic orbitals (AOs). In general, more delocalized AOs lead to wider energy bands with lower energy and vice versa. Indeed, our surface ligand p-band model shares a common physical nature with the interaction of orbitals through space in one molecule with several nonconjugated functional groups or chromophores first proposed by Hoffmann 40 , whose orbitals or groups of orbitals, localized to a group, perhaps delocalized within that group, confer on that functional group its characteristic physical and chemical properties. But, our ubiquitous feature of our PBIS model reveals the intermolecular interactions of orbitals through space in confined nanospace or nanoscale interface with several nonconjugated functional groups or chromophores. The matching of energies between the excited states finally governs the direction and the extent of the electron transfer and its unique PL emissions (inset of Fig. 5 ).
Based on the PBIS model, the long-term debated and selfcontradictory size-dependent and size-independent PL phenomena of Au NCs can be readily understood: the smaller the metal nanoparticle size, the more coordinated unsaturated metal atoms are exposed with increased surface-to-volume rations, resulting in strong binding and high surface coverage of surface coating ligands, and, consequently emitting enhanced PL intensity with low energy due to maximum overlapping of p orbitals from surface ligands. When the nanoparticle size is fixed, the intensity and wavelength of PL are dependent on ligand coverage or densities: a high Au-S coordination number (CN) and a high surface coverage results in stronger PL emission at longwavelength because of the close packing of surface ligands, whereas a low Au-S CN and a low surface coverage make weak PL emission with high energy. This clearly answers why the thiolated PEGylated Au nanoparticles (NPs) exhibited a weaker PL emission at ca. 810 nm with lower energy 41 , compared to GSH or DT protected Au NCs in our case. Obviously the thiolated PEG (PEG-SH) ligands with large molecular weight (MW) influenced the Au-S coordination number (CN) and surface coverage by steric effect. In fact, the observed aurophilic Au•••Au interaction with neighboring sulfur atoms on the NLO efficiency of Au NCs was not conflict to our ligand-center PBIS model, since the interaction strength of the aurophilic Au···Au subunits (or the distance between two Au···Au subunits) reflects the change of distance between two adsorbed thiolate groups (S···S atoms), which determines the overlapping degree of two p orbitals of S atoms 42 . Obviously, our PBIS model clearly answers the aurophilic interaction on the NLO efficiency and the PL emission mechanism of transition organometallic complexes 43 .
The multi-dispersity of PBIS with transient and quantized characteristics was also evidenced by UV−vis absorption and excitation spectra (Figs. 1a−c, 4c, d, and Supplementary Fig. 9 ). The presence of PBIS with different energy levels explained not only the origin of multichannel emissions of metal NCs, but also the long lifetime and high quantum yield of the PL emission of metal NCs. In addition, the rarely observed kinetics of the ligand exchange reaction and relaxation dynamic of excited states induced by a interplay of various noncovalent interactions revealed that the p-band formed by the strong coupling between the p orbitals of heteroatoms had a semi-covalent bond character 34, 35 , strongly competing with other weak interactions at the nanoscale interface, such as hydrogen bonding, n → π* interactions, π → π stacking, and van der Waals interaction in solution 13, [44] [45] [46] [47] [48] . In view of the paramount importance of ligand and interface interaction in nanocatalysis 3, [18] [19] [20] [21] [22] 49 , the P-band theory could be a physical basis for elucidating the classical Sabatier principle defining the best catalyst for a given reaction, where the optimum "bond strength" between reactant and catalytic active site could be tuned due to the presence of space interaction of orbitals from interfacial adsorbed species, including reactants, surface ligands, promoters (for example, the alkaliearth metal ions) and even water molecules around the active sites 38 , and also the new p-band center provides an extra reaction channel to release the activation energy in a catalytic reaction by strong space interaction between the orbitals of reactants (in enzyme catalysis, it could be the interaction between substrate and amino acid residues or/and water molecules around the active site), not just considering the orbital hybridization between reactant and catalytic active site in the classical catalytic kinetics.
Using this model, our ligand-and solvent-dependent dualcolored phosphorescence emission of water-soluble and oil-soluble Au NCs at 550 and 620 nm was readily characterized by the presence and subsequent self-assembly of dual carbonyl and thiol functional groups bearing on the protecting ligand molecules. Usually, the phosphorescence produced by ISC transitions was not easily observed in fluid solutions at room temperature due to the enormous nonradiative deactivation processes during the long relaxation time, such as thermal and solvent relaxation. However, when surface-ligand-protected metal NCs were dispersed in the poor solvent or self-assembled in both the superlattice and the confined nanopores, the assembly of ligand binding sites perfectly protected surface excited states from collisional quenching, resulting in enhanced PL emission with high QY. Considering the diversity of the ligand binding motif and packing mode on the varied crystallographic planes of metal NCs 6,7,50-52 , the previously reported abnormal luminescence phenomena for metal NCs now can be readily understood due to the formation of diversity of PBIS at the nanoscale interface, such as solvent-induced dual-luminescence emissions, large Stokes shift (near-infrared emission), high quantum yield, long lifetime emission, broad emission peak, and ligand selectivity. We believe that this significant conceptual advance is not only useful for explaining the peculiar optoelectronic properties of semi-conductor quantum dots, carbon (or graphene) quantum dots and MOFs [1] [2] [3] [4] 49, [53] [54] [55] [56] , but also provides completely new insights for the understanding of multiexcitonic relaxation of singlet fission and photoluminescent organometallic complexes 43, 47, [57] [58] [59] .
Discussion
Manipulating the delicate surface ligand interactions at the nanoscale interface of single a metal nanocluster, the superlattice, and mesoporous materials, we found that the resulting interplay of various noncovalent interactions leads to the precise modulation of emission colors and quantum yield. Our experiments demonstrate that the bright photoluminescence of few-atom metal nanoclusters originates from the self-assembling of surface ligands. This provides direct evidence for the effectiveness and rationality of a p-band-dominant ligand-centered model relative to the wellaccepted metal-centered free-electron model. In addition, the calculations of TD-DFT even just for excited dimers (excimers) show the rationality of P-band model. The energy level of the p-band center formed through space interaction (or overlapping) of orbitals is very sensitive to the local proximity ligand chromophores at confined nanospace or nano-interface, i.e., the distance of neighboring groups. The dynamic PBIS, with diverse electronic band structures, exhibits unique transient and intermediate state characteristics to tune the direction and the extent of the electron transfer. This explains long-standing experimental puzzles on the abnormal PL emission features of metal NCs. Herein, as a candidate of light-emitting material for display devices, white lightemitting diodes (LEDs) with excellent illuminating capacity were home-fabricated by simply mixing three kinds of currently synthesized metal NCs with tunable blue-green, green, and red emissions ( Supplementary Fig. 21, 22 and Supplementary Table 4 ). With respect to the importance and universality of the ligand and interface interaction, this PBIS conceptual advance not only elucidates the fundamental physical principles driving nanoscale PL emission phenomena, but also provides insights to understand the interfacial nanocatalysis (size and crystal facet effect), enzyme catalysis and the tailored biological functions by pre-ligand assembly in living cells on the molecule level.
Methods
TD-DFT calculations. To gain insight into the nature of the PBIS of metal clusters, we performed theoretical calculations on their electronic structures and energy levels by using the density functional theory (DFT) and time-dependent density functional theory (TD-DFT) methods at the cam-B3LYP 60 /[aug-cc-Pvtz 61,62 /6-311 + G(d, p) 63-65 + SDD 66, 67 ] level. Aug-cc-pVTZ was used for S atom and 6-311 + G(d, p) was employed for other nonmetal atoms. SDD was used for Au atom. Solvation effect was modeled by IEFPCM 68 in water solvent. To simplify the calculation, the carbon chain (DT) was replaced by ethane (CH 3 CH 2 -SH) during the computational process and four molecular configurations (C 2 H 5 -SH, C 2 H 5 -S − , C 2 H 5 -S-Au…H 2 O and C 2 H 5 -S-Au) with mono-and bimolecular structures were calculated to check the optimal electron structure for PBIS. For bimolecular systems, the geometries were optimized with S−S distance fixed from 2.6 to 4.0 Å, at intervals of 0.1 Å. In C 2 H 5 -S-Au…H 2 O and (C 2 H 5 -S-Au…H 2 O) 2 , H 2 O molecules were used to stabilize Au center as water was employed as solvent. All calculations were performed using the Gaussian09 program package 69 and molecular structure figures were prepared using CYLView 70 .
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